The field of innate immunity is witnessing a paradigm shift regarding "memory" and "programming" dynamics. Past studies of innate leukocytes characterized them as first responders to danger signals with no memory. However, recent findings suggest that innate leukocytes, such as monocytes and neutrophils, are capable of "memorizing" not only the chemical nature but also the history and dosages of external stimulants. As a consequence, innate leukocytes can be dynamically programmed or reprogrammed into complex inflammatory memory states. Key examples of innate leukocyte memory dynamics include the development of primed and tolerant monocytes when "programmed" with a variety of inflammatory stimulants at varying signal strengths. The development of innate leukocyte memory may have far-reaching translational implications, as programmed innate leukocytes may affect the pathogenesis of both acute and chronic inflammatory diseases. This review intends to critically discuss some of the recent studies that address this emerging concept and its implication in the pathogenesis of inflammatory diseases. J. Leukoc. Biol.
Introduction
Previous studies have provided extensive information with regard to the effector functions of innate leukocytes, as well as critical signaling pathways that selectively control these functions. Key pathways initiated by well-characterized receptors, such as TLRs, receptors for cytokines and chemokines, growth receptors, and scavenger receptors, have been widely examined and reviewed [1] [2] [3] . Despite these important advances, significant gaps in knowledge still remain concerning the complex programming dynamics that modulate potential innate leukocyte memory responses during tissue homeostasis and inflammation. The rich repertoire of dynamically programmed monocytes and neutrophils can be seen in both acute and chronic inflammatory conditions, including septic shock and cancer. Better understanding of the integrated cellular and molecular circuitries that program distinct memory states of innate leukocytes may lead to effective strategies for restoring leukocyte homeostasis and treating complex inflammatory diseases.
MOLECULAR MECHANISMS FOR PROGRAMMING DYNAMICS OF INNATE LEUKOCYTES
One of the classic examples of leukocyte memory dynamics is the differential priming and tolerance of monocytes/Mfs in response to distinct stimulants with varying signal strengths [4, 5] . Primed monocytes/Mfs may adopt a nonresolving inflammatory state conducive to the propagation of chronic inflammatory diseases, such as atherosclerosis and impaired wound healing [6, 7] . In contrast, tolerant monocytes/Mfs may facilitate tissue homeostasis and resolution of inflammation [8] [9] [10] . The establishment of monocyte/Mf tolerance has been best studied in the context of endotoxin tolerance [11] . At the molecular level, the accumulation of negative regulators of endotoxin signaling networks, such as IRAK-M, Tollip, suppressor of cytokine signaling, and methyltransferase, has been strongly associated with the development of endotoxin tolerance [12, 13] . These negative regulators may attenuate cellular signaling, as well as epigenetically remodel and suppress selected chromatin associated with the expression of proinflammatory mediators [13, 14] . In addition to endotoxin, TLR7 and TLR9 agonists may similarly induce monocyte tolerance with similar molecular mechanisms [15, 16] .
In contrast to tolerance, monocytes/Mfs may adopt a nonresolving, "primed" inflammatory state when challenged with IFN-g, b-glucan, or super-low dose endotoxin [17] [18] [19] [20] .
Epigenetic remodeling of chromatin induced by IFN-g or b-glucan may allow "poised" induction of proinflammatory gene expression [17, 21] . Metabolic reprogramming may also occur by favoring glycolysis [22] . Altered metabolism may further promote epigenetic remodeling and chromatin loosening of inflammatory gene promoters. In addition to epigenetic programming, clearance/disruption of negative signaling regulators, such as AKT, ERK, Tollip, and IRAK-M, may play critical roles during the establishment of nonresolving inflammatory monocytes [6, 16, 23] . These negative regulators are critical for the establishment of homeostatic tolerance [12, 24] , and suppression of these regulators may allow for the opposite response, thereby priming monocytes/Mfs to a nonresolving inflammatory state/phenotype. To achieve selective priming and tolerance of monocytes, the signaling adaptor molecules MyD88 and TRIF may be differentially used [15] . MyD88-dependent signaling was shown to be responsible for the induction of negative-feedback regulators required for tolerance adaptation [25] . In contrast, the adaptors TRAM/TRIF may be selectively involved in the establishment of a nonresolving inflammatory state through the disruption of negative modulators [15] . At the functional level, TRAM/TRIF deficiency has been associated with reduced chronic inflammation in an animal model of atherosclerosis [26] .
Monocyte priming and tolerance may reflect the tip of an iceberg concerning highly complex dynamics of monocyte memory, adaptation, and programming. Recent proteomics and genomics studies reveal complex and diverse profiles of monocyte differentiation and activation [27] . The duration and amplitude of monocyte responses may vary as a result of diverse differentiation/adaptation states, based on the nature of stimulating signals, the signaling strength and history, as well as the spatial constraint within tissues and organs [19, 28, 29] . This is in contrast to the simplistic M1/M2 view of monocyte/Mf activation. Although initially the M1/M2 concept may provide a reference point to understand monocyte regulation, accumulating evidence suggests that monocyte differentiation/ adaptation is much more complex and may include a spectrum of phenotypes as opposed to a discrete M1 or M2 phenotype [28, [30] [31] [32] .
Beyond monocytes/Mfs, past studies revealing complex behaviors of neutrophils also hint at complex programming and memory dynamics. Neutrophils serve as the first responders to invading pathogens and make up a majority of the innate immune cells in circulation. It is well known that neutrophils can perform diverse functions, such as phagocytosis, chemotaxis, toxin secretion via degranulation, and generation of NET [33] . With respect to degranulation, neutrophils have at least 3 distinct types of granules that have unique functions and can be differentially secreted in a context-dependent fashion [34] . Primary granules may be secreted when neutrophils encounter bacteria, virus, or fungi, whereas secondary granules are predominantly secreted for bactericidal purposes. Tertiary granules are secreted during neutrophil migration and may digest collagen, allowing cells to pass through the basement membrane of blood vessels. The order of secretion typically is as follows: tertiary . secondary . primary. However, the mechanisms behind how neutrophils decide when to secrete certain types of granules remain poorly understood. Emerging studies suggest that neutrophils may also be dynamically programmed into unique functional states. For example, different dosages of signaling molecules, such as IL-8, have been shown to affect differential granule secretion through the activation of either Ca 2+ -dependent or independent respiratory burst [34] .
The generation of neutrophil NET has also drawn significant attention as a result of its important roles in both antimicrobial defense and inflammation [35] . The breakdown and release of nuclear chromatin with either unmodified or citrullinated histones may serve as microbial traps to contain infectious agents with potential inflammatory complications to the host tissues. Although the exact nature of NETs and their pathophysiological functions are still under debate, it is clear that complex dynamics of NET regulation exist. Our recent study suggests that analogous to monocyte programming dynamics, neutrophil NET formation may be similarly sensitive to dynamic modulation in response to varying dosages of endotoxin [36] . We reported that a higher signal strength of LPS challenge may program/enable the subsequent generation of neutrophil NET through the induction of ERK [36] . In sharp contrast, subclinical super-low dose endotoxin reduces ERK activity, thereby reducing subsequent NET-forming potential [36] . Our study serves as a prelude for future dynamic analyses of neutrophil function, both at basic and translational levels, as we will discuss in a later section of this review.
Neutrophil programming dynamics are also manifested in other cellular functions, such as oxidative burst. Robust production of ROS by activated neutrophils, known as respiratory burst, is crucial for pathogen clearance. Respiratory burst is mediated by NADPH oxidase, which is composed of 4 cytosol subunits and 2 transmembrane subunits. Neutrophil priming initiates the translocation and phosphorylation of the NADPH oxidase cytosol subunits, potentiating the assembly of the complete NADPH oxidase enzyme complex and ROS production following secondary challenges [37] . Dynamic modulations of neutrophil oxidative burst can be achieved through exposure to diverse agonists. For example, AGEs, commonly seen in chronic inflammatory conditions such as diabetes, can prime neutrophil respiratory burst. In a study testing the effects of various doses of AGE (50-800 mg/ml) on neutrophil ROS production, it was observed that neutrophils primed with 200 mg/ml AGE elicited maximum production of ROS with subsequent stimulation of fMLP, whereas neutrophils trained with higher dosages of AGE (400 or 800 mg/ml) exhibited a dampened ROS production [38] . Similar phenomenon have also been observed in neutrophils trained with MAFP, a phospholipases A2 inhibitor. Pretreatment with low dosages of MAFP (,1 mM) enhanced superoxide production in neutrophils stimulated with fMLP. In sharp contrast, pretreatment with high-dose MAFP (.1 mM) caused a dramatic reduction of superoxide production [39] . In addition to chemical or biologic compounds, live microbe interactions may dynamically program neutrophil oxidative burst. For example, infection with a fungal pathogen Candida albicans could dose dependently induce ROS production in human neutrophils. The ROS production reached a maximum plateau in human neutrophils infected with C. albicans at MOI = 2 and subsequently declined in infected neutrophils at higher MOIs [40] .
CELLULAR MECHANISMS FOR INNATE LEUKOCYTE PROGRAMMING DYNAMICS
Emerging data suggest that proper assembly of signaling platforms within subcellular organelles is critical for the dynamic modulation of innate leukocyte activation. Spatial coordination of signaling molecules occurs not only at the cellular membrane but also near intracellular membrane compartments, such as autophagosomes, mitochondria, lysosomes, and peroxisomes. Recent studies suggest that dynamic coordination among these subcellular organelles may play key roles during the programming and memory of innate leukocytes [41, 42] .
For example, effective autophagy was shown to be required for not only the differentiation but also for the homeostatic maintenance of monocytes/Mfs [43, 44] . Autophagy is a process that clears away cellular debris through the formation of the autophagosome and subsequent fusion with lysosome [45] . Multiple highly coordinated autophagic processes, including the induction, nucleation, elongation, and fusion of the autophagosome (with the lysosome), may modulate cellular homeostasis [46] . Impaired autophagy at either of these steps may lead to Mf inflammatory activation through the induction of inflammatory cytokines [47] . We recently reported that defective completion of the autophagy process via disruption of autolysosome fusion may skew innate monocytes into a nonresolving inflammatory state with elevated expression of selective inflammatory mediators [7] . Disrupted autolysosome fusion may cause an accumulation of inflamed autophagosomes triggering activation of the transcription factor IRF5 [7, 15] . We also identified Tollip as a key mediator in the proper formation of the autolysosome [48] . Tollip deficiency in Mfs leads to a disruption of lysosome fusion with autophagosome and contributes to elevated expression of inflammatory mediators, such as CCR5 [48] . On the other hand, compounds, such as tauroursodeoxycholic acid, can facilitate effective autolysosome fusion and may have a beneficial effect in restoring innate Mf homeostasis [7] .
Besides autophagosomes, mitochondria may also serve as key platforms for coordinating the inflammatory activation and homeostasis of innate leukocytes [49] . Upon challenges with inflammatory signals, inflammatory signalosomes and molecules, such as mitochondrial antiviral-signaling proteins and TNFR-associated factors, have been shown to translocate to the proximity of the mitochondrial membrane. These signaling molecules not only initiate the expression programs of inflammatory genes but also coordinate the dynamics of mitochondria biogenesis and metabolic function [44] . Metabolic switches within mitochondria, from lipid fuel to glycolysis, may, in turn, contribute to the inflammatory activation of monocytes/Mfs [50] . Although the connection between metabolism and inflammation has drawn immense interest in the field, the intertwined dynamics still require systems studies for thorough comprehension.
Another intriguing yet often ignored organelle is the peroxisome, which serves as a key detoxification site for microbes, as well as toxic organic molecules [42] . Signaling molecules, such as mammalian target of rapamycin complex 1 and JAK/STAT, have been shown to assemble near the peroxisome membrane and participate in key inflammatory activation, as well as antimicrobial responses in innate Mfs [42, 51] . Given the relative abundance of peroxisomes and relative lack of mitochondria in neutrophils when compared with other innate immune cells, peroxisomes may have a particularly significant role in neutrophils. Peroxisome biogenesis contributes to the formation of neutrophil granules, as well as inflammatory activation, by supplying membrane ether lipid and sustaining neutrophil viability [52] . Although neutrophils are relatively short lived (with a circulating half-life of ;8 h in humans), their lifespan can be drastically prolonged following inflammatory stimulations for an average of 5.4 d, both in vitro and in vivo [53] [54] [55] [56] . However, the regulatory mechanisms responsible for the complex modulation of neutrophil survival and inflammatory activation are not well understood. Further studies are needed to elucidate better these emerging roles of the peroxisome in neutrophil activation.
CROSS-TALKS WITH ADAPTIVE IMMUNE CELLS
Given the close interaction of innate and adaptive leukocytes, mutual cross-talks undoubtedly occur that may impact the dynamic programming of both innate and adaptive immune cells. For example, cellular contacts between NK cells and neutrophils were shown to promote caspase-dependent neutrophil apoptosis via NKp46-and Fas-dependent mechanisms [57] . On the other hand, cytokines released by activated NK cells, such as IFN-g, GM-CSF, and TNF-a, may exert feedback effects on neutrophils by expanding neutrophil lifespan, increasing ROS production, boosting neutrophil phagocytic potential, and upregulating the expression of neutrophil activation markers [58, 59] . Activated CD4 and CD8 T cells can promote neutrophil activation and survival in coculture systems, and human neutrophils cocultured with gd T cells exhibit elevated expressions of CD64 and HLA-DR [55, 60] . Furthermore, IL-17 produced by Th17 cells stimulates epithelial cells to secrete G-CSF, as well as chemokines, including CXCL1, CXCL2, and CXCL8, which not only enhance neutrophil recruitment but also induce neutrophil activation [61] . Given the focus of this review on innate programming, we will keep the discussion of this fascinating topic brief. Future studies with systems approaches are highly warranted and will undoubtedly reveal highly complex, dynamic, and pivotal cross-talks among multitudes of innate and adaptive leukocytes in both healthy and diseased tissue environments.
INNATE LEUKOCYTE PROGRAMMING DYNAMICS IN HEALTH AND DISEASE
Given the increasing recognition of innate leukocyte memory and programming dynamics, its contribution to the pathogenesis of inflammatory diseases warrants systematic re-evaluation. Instead of simply serving as rudimentary effector cells for antimicrobial defense and inflammation, reprogrammed memory innate leukocytes may serve as key players in the initiation, propagation, and sustainment of diverse inflammatory processes conducive for distinct inflammatory diseases. The following sections will highlight some of the recent advances that consider innate memory dynamics in disease.
Innate memory dynamics in sepsis
Sepsis poses a serious health concern in critical care units worldwide [62] . Despite extensive efforts at basic and translational levels, there has not been any U.S. Food and Drug Administration-approved drug or effective cure to treat sepsis. The extremely complex dynamic that underlies the pathogenesis of sepsis is largely to blame for the lack of cure [11, 63] . With particular relevance, the complex dynamics are manifested in the drastically disrupted homeostasis of innate leukocytes [11, 64] . Disappointment from previous studies calls for novel efforts to define the innate leukocyte dynamics and underlying mechanisms. Altered monocyte homeostasis in sepsis is reflected in a drastic, early upswing of inflammatory processes, followed by a late-phase tolerance. Existing attempts that primarily focus on addressing one-sided (tolerance) modulation of monocyte activation may explain the lack of therapeutic efficacy.
Likewise, the restoration of neutrophil homeostatic balance should also be considered. Neutrophils in healthy individuals are capable of functions, such as chemotaxis, oxidative burst, degranulation, and the generation of an extracellular trap (NET) [33, [65] [66] [67] . In sharp contrast, neutrophils collected from septic patients and animal models exhibit compromised chemotaxis toward bacterial sources and reduced NET generation [64] . Septic neutrophils exhibit selective "migratory paralysis" and fail to migrate properly toward microbial chemoattractants, such as fMLP [66] . Knockout mice with FPR2 (fMLPR) deficiency have significantly worse sepsis outcomes compared with wild-type mice [68] . On the other hand, septic neutrophils tend to express higher levels of CCR5, capable of trafficking neutrophils to vital host organs and causing multiorgan inflammation and failure [69, 70] . Furthermore, septic neutrophils have reduced NETforming potential, a vital antimicrobial defense mechanism to clear microorganisms [36, 65] . We recently reported that the "paralytic" neutrophil phenotype could be recapitulated in vitro through programming with super-low dose LPS. We demonstrated that super-low dose LPS selectively reduced the levels of FPR2, increased CCR5 levels, reduced NET-forming potential on cultured neutrophils, and increased sepsis severity [36] . At the mechanistic level, we reported that Tollip deficiency is critically involved in the establishment of paralytic neutrophils, as a result of reduced ERK/AKT activity [71] . Tollip-deficient mice have exacerbated sepsis severity [71] . Consistent with our mechanistic studies, a human genetic study revealed that defective human Tollip expressions are associated with increased human sepsis severity, whereas higher Tollip expressions are correlated with better sepsis outcomes [72] .
Innate memory dynamics in atherosclerosis
Atherosclerosis and related cardiovascular complications are among the leading causes of death in industrialized countries [73] . The programming of low-grade inflammatory monocytes may play a key role during the pathogenesis of atherosclerosis. Sustained low-grade inflammatory monocytes and Mfs are key drivers for the formation of atherosclerotic plaques [74] . Despite growing interest in low-grade inflammation and its contribution to atherosclerosis, the mechanisms responsible for the sustained low-grade inflammation are not well understood [75] .
Previous studies have primarily focused on the concept of "excessive" inflammatory signals causing exacerbated atherosclerosis [76] . However, recent data show that excessive inflammatory signals tend to trigger compensatory antiinflammatory tolerance [5, 77] . Thus, simple emphasis on the excessive positive signals represents an overly simplistic view with regard to the complex dynamics of atherosclerosis pathogenesis. In collaboration with computational systems biologists, we have integrated both experimental and computational approaches, which revealed that the dysfunction of homeostatic negative regulators may also be critical for the sustaining nonresolving inflammatory monocytes [6, 7, 18, 23, 78] . Experimentally, we reported that chronic injection of super-low dose LPS can establish nonresolving, low-grade inflammatory monocytes in vivo and contribute to exacerbated atherosclerosis [6] .
In addition to monocytes/Mfs, programming of inflammatory neutrophils may occur during the pathogenesis of atherosclerosis and may contribute to reduced plaque stability [79, 80] . Future systems studies are needed to understand better the programming dynamics of innate leukocytes as they relate to the temporal and spatial modulation of atherosclerosis.
Innate memory dynamics in wound repair
In the context of wound repair, an initial influx of inflammatory monocytes into the cutaneous wound bed is critical for the early phase of vascular sprouting [81] . Subsequent transition to anti-inflammatory monocytes would enable proper wound closure and tissue regeneration during the resolving phase [81, 82] . This temporal switching process from an inflammatory state to a subsequent anti-inflammatory state is vital for proper wound healing. Persistent existence of inflammatory monocytes in the wound bed may be one of the primary culprits for hard-to-heal wounds, such as those seen in diabetic patients [83] . We recently reported that the programming of nonresolving, low-grade inflammatory monocytes by subclinical endotoxemia can contribute to delayed wound healing in a murine skin-excision wound model [7] . The establishment of nonresolving inflammatory monocytes is facilitated by the disruption of lysosome fusion, causing the accumulation of IRF5, a signature transcription factor associated with inflammatory monocytes [7] .
Innate memory dynamics in cancer
Dynamic programming of innate leukocytes has also been increasingly recognized in the tumor environment [84] . TAMs often exhibit a tumor-promoting phenotype with increased expression of growth factors and reduced expression of immunestimulating cytokines, such as IL-12 [85] . Likewise, tumor tissues may secrete chemokines and other factors that actively recruit neutrophils to and reprogram neutrophils in the vicinity of tumor cells [86] . Much like TAM, tumor-associated neutrophils are shown to secrete molecules to assist in tumorigenesis [87] [88] [89] [90] [91] . The modulation of the programming dynamics of innate monocytes/Mfs and neutrophils may be a novel approach in the future treatment of cancer. We reported that disruption of IRAK-M, a key negative regulator of innate immunity signaling, can benefit host immune defense toward both xenografted tumors, as well as chemically induced tumorigenesis [92, 93] . IRAK-M deficiency skews innate monocytes away from the TAM phenotype. Furthermore, IRAK-M deficiency programs neutrophils into an immune-modulatory state with increased bacterial-killing activity, increased migratory potential toward inflammatory signals, as well as heightened expression of immune-stimulating molecules, such as MHC class II and L-selectin [93] .
Innate memory dynamics in autoimmune diseases
Innate immune cell programming dynamics may play a key role in the pathogenesis of autoimmune diseases as well. Circulating monocytes from patients with SLE were shown to exhibit features resembling DCs. SLE serum skews the differentiation of healthy monocytes into DCs that can potently activate both T cells and B cells [94] . At the mechanistic level, a recent study unveiled modified gene-expression profiles in SLE monocytes, with elevated expression of the chemokine receptor CCR7, as well as molecules related to IFN signaling. These events may potentiate the acquisition of APC-like functions in SLE monocytes and facilitate SLE pathogenesis [95] .
Besides monocytes and DCs, neutrophils from SLE patients also display dramatic abnormalities. SLE neutrophils are inclined to form aggregation as a result of their intravascular activation by autoantibodies and nucleosomes [96] . A subset of specialized neutrophils has been identified in PBMC fractions of lupus patients, termed LDGs, which exhibit a surface phenotype similar to healthy neutrophils but differ in their nuclear morphology. LDGs are programmed into a proinflammatory state, with elevated expression of IFNs and TNF, as well as immunestimulatory bactericidal proteins [97] [98] [99] . In addition, SLE neutrophils constitutively generate NETs to release proinflammatory cytokines and dsDNA in the absence of infection or additional stimulus [99, 100] .
Differentially programmed innate immune cells have been observed in the pathogenesis of RA as well. The frequency of CD14 high CD16 + intermediate monocytes is increased in peripheral blood and synovial fluid of patients with chronic RA. These monocytes express high levels of CCR1, CCR5, ICAM-1, and TLR2 [101] . The lifespans of monocytes/Mfs are prolonged in RA patients, with persistently elevated levels of proinflammatory cytokines, chemokines, and matrix metalloproteinases [102, 103] . Monocytes/Mfs from RA patients express higher levels of HLA-DR, adhesion molecules, and costimulatory molecules, such as CD40, CD80, and CD86, which are conducive for the polarization of CD4 T cells toward Th1 and Th17 subsets [103] . In addition, the cytokines, immune complexes, and rheumatoid factors in synovial fluid may collectively induce neutrophil activation and granular exocytosis, which contribute to cartilage destruction [104] . Enhanced NETosis can be observed in circulating neutrophils, as well as those found in the synovial fluid of RA patients. Moreover, NET-forming neutrophils infiltrate into rheumatoid nodules and skin. Neutrophil NETs serve as a key source of citrullinated autoantigens and immunostimulatory molecules that robustly boost the inflammatory responses in RA [105] .
CONCLUSIONS AND FUTURE DIRECTIONS
Innate leukocytes use complex and integrated signaling circuitries at both the molecular and subcellular levels to adapt and respond dynamically to diverse inflammatory environments. With the help of systems analyses [106, 107] , combined with genomic and proteomic approaches [108] , these integrated molecular signaling dynamics are beginning to be elucidated. Future efforts that combine single-cell analyses with systems and omics approaches are necessary to gain full insight to the spectrum of the memory dynamics of innate leukocytes.
At the pathophysiological level, programmed memory innate leukocytes may exert profound effects that control the magnitude and duration of diverse inflammatory processes. The in vivo relevance of innate leukocyte memory should be vigorously studied with animal models that exhibit relevant pathophysiological states. Future mechanistic studies with model organisms should be corroborated with translational studies using human blood samples from healthy human donors and patients. Collectively, better understanding of innate leukocyte memory dynamics will provide clues for restoring leukocyte homeostasis and treating inflammatory diseases. AUTHORSHIP C.L., S.G., and L.L. wrote the manuscript. Y.Z. and A.R. provided thoughtful discussion and comments.
